Lentiviral vectors are increasingly utilized in cell and gene therapy applications because they efficiently transduce target cells such as hematopoietic stem cells and T cells. Large-scale production of current Good Manufacturing Practices-grade lentiviral vectors is limited because of the adherent, serum-dependent nature of HEK293T cells used in the manufacturing process. To optimize large-scale clinical-grade lentiviral vector production, we developed an improved production scheme by adapting HEK293T cells to grow in suspension using commercially available and chemically defined serum-free media. Lentiviral vectors with titers equivalent to those of HEK293T cells were produced from SJ293TS cells using optimized transfection conditions that reduced the required amount of plasmid DNA by 50%. Furthermore, purification of SJ293TSderived lentiviral vectors at 1 L yielded a recovery of 55% ± 14% (n = 138) of transducing units in the starting material, more than a 2-fold increase over historical yields from adherent HEK293T serum-dependent lentiviral vector preparations. SJ293TS cells were stable to produce lentiviral vectors over 4 months of continuous culture. SJ293TS-derived lentiviral vectors efficiently transduced primary hematopoietic stem cells and T cells from healthy donors. Overall, our SJ293TS cell line enables high-titer vector production in serum-free conditions while reducing the amount of input DNA required, resulting in a highly efficient manufacturing option.
INTRODUCTION
HIV-1-derived lentiviral vectors (LVs) are efficient gene transfer vehicles used in both basic and clinical research settings. The ability of LVs to efficiently shuttle DNA into mammalian cells enables researchers to explore the function of various genes of interest. [1] [2] [3] [4] [5] Clinically, LVs are used ex vivo to deliver therapeutic genes or expression cassettes to primary target cells, such as hematopoietic stem cells (HSCs), to treat genetic disorders or infectious diseases. [6] [7] [8] [9] LVs are well suited for use in ex vivo gene therapy because they can deliver a relatively large payload (>9 kb, including intron-containing genomes), have the ability to transduce dividing and non-dividing cells, and stably integrate into the genome of a target cell to provide lifelong correction to that cell and its progeny. [10] [11] [12] [13] Further, the integration profile of LVs suggests that they are safer than gamma-retroviral vectors, and there have been no product-related malignant transformations reported to date with LVs used in clinical trials. [14] [15] [16] The promise of LV cell and gene therapy has led to the initialization of nearly 200 clinical trials, with notable successes in the treatment of hemoglobinopathies, primary immunodeficiencies, and leukemias. 15, [17] [18] [19] [20] [21] [22] [23] [24] [25] In fact, LV-based cell and gene therapies have already been approved by the US Food and Drug Administration, Kymriah, and by the European Medicines Agency, Zynteglo. Furthermore, cancer immunotherapy, which currently includes the use of LV to modify T cell function, is an area of intense research. Thus, additional LV-based cellular therapies are likely to be approved in the future. However, the manufacturing of current Good Manufacturing Practices (cGMP)-grade LVs has been a challenge for early-phase clinical trials and is even more difficult for commercialization. [26] [27] [28] Thus, advances in industrial-scale vector manufacturing are required to meet current and future clinical needs for lentiviral-based cell and gene therapies.
Research into the production and design of LVs for gene therapy has been ongoing for over 20 years, and although incremental advancements have been made, the current methodologies need optimization. [29] [30] [31] [32] Today, standard LVs are made using a third generation production system that relies on the transient transfection of HEK293T cells. 33 This transient transfection method can generate high-titer LVs free of replication-competent lentivirus. However, because of the adherent and serum-dependent nature of the HEK293T cell line, cGMP LV production is limited due to the need to use multi-stack plastic tissue culture vessels, for example, 10-stack Cell Factory systems, which increases the amount of handling, personnel and consumables costs, and production time. Furthermore, the use of animalderived serum to maintain the HEK293T cell line increases the risk for contamination by adventitious viruses. In addition, obtaining large enough lots of serum can often be challenging and costly to acquire.
To address these challenges of industrial-scale cGMP-LV manufacturing, researchers have reported alternative means to produce LVs. 27, 34 Many strategies use HEK293-derived cells that are adapted to grow in suspension with serum-free media (SFM), fixedbed bioreactors, and stable producer cell lines. [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] However, these novel production schemes have been problematic for large-scale cGMP production for several reasons, including multiple handling steps, reduced titers, a limited production scale, continued use of tissue culture flasks, and reliance on animal-derived serum. To address these concerns, we adapted a HEK293T cell line to grow in suspension using a commercially available SFM. This newly derived cell line, SJ293TS, maintains the growth characteristics and LV productivity of the parental HEK293T cell line. We further improved the system's fitness for cGMP-manufacture of LVs by simplifying the cell manipulation steps in the manufacturing protocol and introduced an antibiotic-free (AF) selection marker on all transfected plasmids. We show that this new system produces equivalent amounts of vesicular stomatitis virus envelope glycoprotein (VSV-G)-pseudotyped LVs as are produced by conventional methods using adherent, serum-dependent HEK293T cells. Moreover, the SJ293TS system produces at least 10-fold higher LV titers than that provided by other suspensionadapted HEK293 cells, specifically Viral Production Cells and Ex-pi293F cells. Importantly, we achieve a more than 2-fold increase in the recovery of LV transducing units (TUs) after downstream purification compared with historical data from HEK293T producer cells. [53] [54] [55] Finally, we demonstrate that LVs produced from SJ293TS cells can efficiently transduce human cells including T cells and CD34 + cells.
RESULTS

Deriving the SJ293TS Cell Line
In order to convert the adherent HEK293T cell line to grow in suspension, we employed a commercially available SFM, Freestyle 293 Expression media (FS293). The cells were adapted by replacing the standard growth media, DMEM plus 10% fetal bovine serum (FBS) (D10), with FS293 supplemented with 10% FBS and seeded onto both non-tissue culture-treated and tissue culture-treated plates. Gradually, we reduced the amount of serum in the media at 1-week time intervals, and cells were passaged three times per week. After 4 weeks, the cells were growing solely in the presence of FS293. Cells that were successfully adapted directly using non-tissue culturetreated plates appeared to be less aggregated than those grown on tissue culture-treated plates; however, both approaches were ultimately successful in adapting HEK293T cells to grow in suspension without serum. The final adapted cell line, designated as SJ293TS, was then cultured in a shaking incubator to make a master cell bank. The cells were thawed, and their growth rate was determined by seeding the cells at 5 Â 10 5 cells/mL followed by counting every 24 h for 2 days ( Figure S1 ). SJ293TS cells doubled every 23.4 ± 2.7 h and reached a cell density of up to 3 Â 10 6 cells/mL without compromising cell viability. For regular maintenance of the SJ293TS cell line, cultures were kept between 3 Â 10 5 and 3 Â 10 6 cells/mL and passaged every 2-3 days.
Optimization of Transient Transfection Method
We assessed vector production using SJ293TS cells via our previously established transient transfection method. 42, 56 Initially, we aimed to optimize transfection conditions using a simple GFP-expressing LV (vector CL40-MND-GFP) in 20-mL cultures in 125-mL shaker flasks for quick and easy readout. First, we tested the effect of cell density at the time of transfection. Based on our previous experience with adherent HEK293T cells as a starting point, where cell density is approximately 1 Â 10 6 cells/mL, we transfected SJ293TS cells at various densities ranging from 0.5 to 3 Â 10 6 cells/mL at two different concentrations of plasmid DNA, 0.55 and 1.1 mg DNA per 10 6 cells. Twenty-four hours post transfection, the cells were pelleted by centrifugation and suspended in 20 mL of fresh media. Supernatants were collected 48 h post transfection and titered on HOS cells. Although LV production did not differ significantly among cells transfected at 1.1 mg DNA per 10 6 cells, LV output using SJ293TS cells transfected with 0.55 mg DNA per 10 6 cells was significantly impacted by seeding density, with the 2 Â 10 6 cells/mL density achieving the highest titers ( Figure 1 ). Using a cell density fixed at 2 Â 10 6 cells/mL, we found that 0.55 mg DNA/mL was optimal for achieving the highest titer yields ( Figure S2 ).
Next, we examined the timing for optimal polyplex formation between polyethylenimine (PEI) and plasmid DNA under the conditions described in Materials and Methods. A single master transfection mixture was made and incubated for up to 30 min. At various time points, an aliquot was taken from the transfection master mixture and used to transfect SJ293TS cells in a 20-mL culture. Although no significant differences were observed, peak vector production occurred when the incubation continued for 5 min, whereas longer incubation periods tended to decrease titer ( Figure S3 ). Thus, all subsequent transfections of SJ293TS cells were performed after a 5-min incubation of PEI and plasmid DNA.
Comparison of LV Production by SJ293TS Cells with Other HEK293-Based Cell Lines
To evaluate LV production in the suspension-adapted SJ293TS cell line, we compared 1-L productions of SJ293TS cells in 5-L shaker flasks against the parent HEK293T cells in 10-stack Cell Factory systems. For this comparison, three different clinically relevant LVs were produced: two containing shRNA miR against human BCL11A with fluorophores (vectors SJL118 and SJL121) and the other with an expression cassette for a second generation anti-CD19 chimeric antigen receptor (vector aCD19-CAR). Media were replaced 24 h post transfection as described above, and vector was harvested 24 h later. HEK293T titers were 1.8-, 1.4-, and 2-fold higher than SJ293TS cells ( Table 1) .
There are few commercially available suspension HEK293 cell lines. We compared the SJ293TS cell line against two different HEK293based suspension cell lines commercially available, namely, Expi293F cells and Viral Production Cells. All three cell lines were transfected, at the 20-mL scale, to produce CL40-MND-GFP. A master polyplex was formed, and an equal amount was distributed to each flask. In addition to GFP-LV, a more complex LV production, V5m3-Sardinia expressing the human g-globin gene, was compared in a similar setting. The SJ293TS cell line produced 10-to 25-fold more TUs than either Viral Production Cells or Expi293F cells, regardless of vector. Statistical significance was reached only with the GFP-expressing vector, with p values of 0.0252 and 0.0239 in comparison with Viral Production Cells and Expi293F cells, respectively ( Figure 2 ).
Improvements to SJ293TS LV Production Method
In order to improve the productivity and suitability of the SJ293TS cell line for cGMP manufacturing, we made modifications to the LV production process. Because there is growing concern using antibiotics for plasmid manufacturing, we looked for an alternative. An AF selection strategy, RNA-OUT, has been developed in which an approximately 150-bp cassette expresses a small antisense RNA against a counter-selectable marker expressed by the specialized bacterial host cell. 57 We replaced the b-lactamase expression cassette on our helper and transfer plasmids with RNA-OUT, which has the added benefit of reducing the size of the plasmid backbone. We also reduced the posttransfection cell culture handling by diluting transfected cells with an equal volume of fresh media rather than performing a full media exchange.
In the context of these changes, we also improved vector production by optimizing plasmid ratios used to transiently transfect SJ293TS cells. We found that a ratio of 14:4:2:0.25 of transfer vector:HIV-1 gagpol:Env:HIV-1 rev, compared with our previously used standard plasmid ratio of 12:6:2:0.25, led to a 1.7-fold increase in the titer of a pre-clinical LV (vector SJL644), which expresses a second generation anti-CD123 chimeric antigen receptor (p > 0.05) and a reduction in the amount of HIV-1 p24 present in harvested supernatants (p > 0.05) ( Figures S4A and S4B ). Interestingly, by using an estimate of 10 4 physical particles per picogram of HIV-1 p24, the physical particles per TU decreased significantly from an average of 319 to 170 (p = 0.0071) ( Figure S4B ). Thus, the new plasmid ratio was implemented for all further SJ293TS vector productions.
The robustness and stability of our new manufacturing process was evaluated by continuously passaging SJ293TS cells in culture for over 4 months and performing periodic 1-L LV production using another pre-clinical vector that also expresses a second generation anti-CD123 chimeric antigen receptor (vector SJL643). To keep the total harvested volume at 1 L, 500 mL of SJ293TS cells was transfected at a cell density of 2 Â 10 6 cells/mL in a 5-L shaker flask. Titers from both unprocessed and purified material were highly reproducible, with respective averages of 5.3 ± 1.9 Â 10 7 and 1.2 ± 0.4 Â 10 9 TUs/mL ( Figure 3A ). When the same vector was produced by using To optimize transfection conditions, we seeded SJ293TS cells at increasing cell densities and transfected with either (A) 0.55 or (B) 1.1 mg of total plasmid DNA per 10 6 cells by using a simple reporter lentiviral vector. *p = 0.0002, **p = 0.0167, ***p = 0.0053, ****p = 0.0193. No significant differences were detected among conditions tested in (B). n = 3. Data are expressed as the mean ± the standard deviation. HEK293T cells in 10-stack Cell Factory systems using ampicillinresistant plasmids, the titers obtained from SJ293TS cells were 1.8fold higher, which was statistically significant, p = 0.02554 ( Figure 3B ). Also, transfection of HEK293T cells consumed 2-fold more plasmid DNA than did SJ293TS cell transfection (1,012.5 versus 506.25 mg, respectively), and due to several media exchanges, the use of 10-stack Cell Factory systems used 3-fold more media than did SJ293TS cells in 5-L shaker flasks.
Further characterization of a subset of these vector preparations indicated that the amounts of HIV-1 p24 in unprocessed supernatants and purified final LV preparations were between 0.65 ± 0.35 and 16.95 ± 10.1 mg of HIV-1 p24 per mL, respectively (Table S1 ). The average number of physical particles per TU was not significantly different after downstream processing (p > 0.05).
Downstream Processing of LVs Derived from SJ293TS Cells
During vector production, Benzonase, an RNA-DNA endonuclease, was added to producer cells 24 h post transfection to reduce plasmid and genomic DNA levels in vector supernatants. Upon harvest, 1-L LV preparations derived from SJ293TS cells were purified using scale-down cGMP-like processes. In brief, after clarification, LV harvests were subjected to anion-exchange chromatography, tangential flow filtration and 0.22 mM filtration to reduce contaminating host cell protein and DNA, increase the concentration of LV TUs per milliliter, and ensure sterility of the final product ( Figure 4 ). We applied these processing methods to 1-L research-grade LV preparations (n = 138) at our institutional core facility. After 0.22 mM filtration, the average overall recovery rate was 55% ± 14% of the total TUs present in the starting material. This represents an approximately 2-fold increase over previously published yields from adherent HEK293T serum-dependent cGMP-grade LV preparations, which ranged from 16% to 33% depending on the study. 53, 54 Four different 1-L LV preparations (before and after processing) were subjected to digital droplet PCR (ddPCR) analyses to detect contaminating plasmids as measured by the amplification of the RNA-OUT selection marker common to all transfected plasmids. Although plasmid DNAs were detected in all samples tested, the number of plasmid copies in the supernatant at harvest was reduced by 3-4 logs from the calculated plasmid input (at the time of transfection) (p % 0.001) and did not change significantly after purification (p > 0.05) ( Figure S5 ). These data suggest that treatment of the vector harvest with a relatively low number of units of Benzonase during vector production significantly reduces contaminating plasmid content in the harvest and purified material. 58 As a consequence of this reduction, residual vector plasmid DNA is unlikely to confound vector titration. To test this, we performed ddPCR on genomic DNA from HOS cells transduced with either unconcentrated or concentrated LV preparations. No plasmid signal was detected by ddPCR in genomic DNA from cells harvested on either day 4 or day 7 (data not shown). Furthermore, calculated titers from these samples were comparable, with vector copy numbers (VCNs) ranging from 0.259 to 3.81. Interestingly, day 4 titers were only 9% ± 11% higher than day 7 titers (Table 2) ; thus, to accelerate LV titer determination, we performed ddPCR on HOS cells 4 days post transduction.
Suitability of SJ293TS-Derived LV for Clinical Gene and Cell Therapy
During our process development, we have produced clinically relevant LV, and we wanted to test how these vectors transduced target cell pop-ulations, mainly human T cells or CD34 + HSCs. LV produced from the SJ293TS cell line efficiently transduced healthy donor-derived human T cells ( Figure 5 ). Four distinct vector preparations containing two different second generation anti-CD123-CAR vectors, pSJL605 and pSJL643, were used to transduce primary human T cells at a MOI of 25. Seven days post transduction, all four T cell populations expressed high levels of anti-CD123 CAR on the surface and maintained levels of expansion and viability comparable with those of mock-transduced cells ( Figures 5A and 5B ). Of note, the average VCNs per cell were remarkably consistent between the four different LV batches, demonstrating the reproducibility of our production method ( Figure 5C ).
Next, we tested transduction efficiency on human CD34 + cells known for resistance to VSV-G-pseudotyped LVs. Similar to primary T cells, LV derived from SJ293TS cells efficiently transduced peripheral blood mobilized human CD34 + cells harvested from different healthy donors. To confirm that efficient transduction does not result from one particular batch of LV, we produced multiple vector preparations of two different LVs, each expressing a small hairpin RNA along with a fluorophore from either the human hemoglobin locus control region DNA hypersensitivity sites HS2 and HS3 and with the b-globin promoter (vector SJL425) or the human glycophorin A promoter with a BCL11A enhancer (vector SJL319). CD34 + cells were transduced at a MOI of 50 and subsequently plated into MethoCult in order to assess VCN from hematopoietic lineage cells. Twelve days later, Me-thoCult colonies were pooled together, and the average VCN was determined via ddPCR. SJL425 achieved VCNs of 0.89 and 2.71 on two different donors; two separate preparations of SJL319 exhibited VCNs of 0.76 and 1.05 on a third donor. The data are limited, but the nearly 3-fold VCN difference observed in MethoCult cultures using the SJL425 vector preparation likely reflects differences in donor permissivity.
Baboon Endogenous Retroviral R-less Glycoprotein
An alternative envelope glycoprotein, the baboon endogenous retrovirus (BaEV), has been shown to greatly improve human B cell transduction otherwise resistant to VSV-G-pseudotyped LV. 59 Although promising, limitation of this envelope protein results from low titer partially due to syncytia formation during LV production in adherent HEK293T cells. We reasoned that vector production in suspension cells might alleviate syncytia formation and could lead to increased titers. To test whether SJ293TS cells might improve LV production pseudotyped with baboon endogenous retroviral R-less (BaEV-Rless), we compared titers of vectors produced by HEK293T and SJ293TS cells at similar scales using a GFP-expressing LV (vector CL40-MND-GFP). SJ293TS and HEK293T cells were transfected in culture volumes of 20 and 10 mL, respectively. However, because SJ293TS cells are transfected with half the concentration of DNA as HEK293T cells are, the total amount of DNA transfected into each cell line was identical. Thus, using the same amount of transfected DNA, SJ293TS cells provided 20-fold more TU than did HEK293T cells ( Figure 6 ). Furthermore, three different BaEV-R-less-pseudotyped LVs were produced from SJ293TS cells at the 1-L scale and concentrated 50-fold by using the downstream processing described above. Depending on the vector, titers ranged from 0.2 to 2 Â 10 8 TUs/mL with an average overall yield of 33% ± 2.9% from the starting supernatant. These data demonstrate that SJ293TS can be used to produce BaEV-R-less-pseudotyped LVs at titers higher than those of adherent HEK293T cells and can be purified using ion-exchange and tangential flow filtration.
DISCUSSION
The use of LVs as a therapeutic modality is showing promise in many early clinical studies and has already achieved commercial approval for some lentiviral-based therapies. 6, 7, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] 60 Because most lentiviral gene and cellular therapies are currently in phase I/II clinical trials, demands for cGMP-grade LVs are achievable. 24 However, with the steady rise in the number of LV-based clinical trials and the expectation that more LV-based therapies will progress to late-stage clinical studies involving larger patient accruals, the production of cGMPgrade LVs may become a bottleneck for developing treatments.
Indeed, most recent delay in commercialization partly stems from an unreliable vector supply chain.
The development of stable packaging and producer cell lines has been employed to mitigate some of the limitations of current LV production processes. [39] [40] [41] [42] [43] [45] [46] [47] [48] [49] [50] [51] [52] [61] [62] [63] A common feature of these new systems is the reliance on adherent, serum-dependent cells, which may not be amenable to commercial-scale cGMP production. Further, although producer cell line stability and titers have been improved by tightly regulating the levels of cytotoxic components, these systems inherently introduce a level of complexity in producer cell maintenance and manipulation that could contaminate the final product. Finally, the development of stable LV producer cell lines requires a significant up-front investment in time to introduce the necessary elements and fully assess the ideal clonal cell line. Overall, these limitations are reflected by the relatively few clinical trials that utilize stable cell lines for their LV supply (ClinicalTrials.org: NCT03573700, NCT01512888, and NCT01306019). 20, 25 The most commonly used method for cGMP LV manufacturing is transient transfection of HEK293T cells to generate high-titer supernatants. This process has undergone extensive development over 20 years, and the flexibility of the system enables it to readily incorporate changes in vector design. cGMP manufacture of clinical-grade LVs is typically performed by using multi-stack trays due to the adherent and serumdependent nature of the HEK293T cell line. This process is laborious, costly, and thus not conducive to scale-up. Instead, manufacturers often resort to scaling-out, which increases the number of production vessels and, consequently, the difficulty of vector production. To avoid these restrictions, HEK293 cells grown in suspension have been used instead of HEK293T cells to produce LVs with titers typically lower than those achieved with HEK293T cells. 35, 36, 39, 41 Valkama et al. 44 reported using HEK293T cells in a fixed-bed bioreactor to produce LVs; however, the described method still required the initial expansion of cells on plastic www.moleculartherapy.org multi-trays before seeding the bioreactor. In 2011, Lesch et al. 37 produced LVs by transducing HEK293T cells with baculoviruses; however, this protocol included FBS and sodium butyrate during the production steps, which may complicate its integration into cGMP clinical-grade LV production. For a thorough review of various LV production systems, please see Merten et al. 27 We describe a robust, cGMP-compatible LV production system using SJ293TS cells. By adapting HEK293T cells to grow in suspension using SFM, we avoid the drawbacks of using animal-derived products, such as serum, and the limits associated with the high cost and increased personnel handling time associated with tissue-culturetreated plasticware. Our production system relies on the well-defined, widely adapted, and highly productive HEK293T transient transfection method facilitating its use in cGMP-grade LV manufacturing. Further, because cGMP-grade reagents are a major expense in the production of clinical-grade LVs, our SJ293TS production system not only reduces overall consumables and media costs, including plasmid DNA, but provides for a nearly 2-fold increase in titer (Figure 3B ) and post purification yields compared with previous historical data using adherent, serum-dependent HEK293T cells. The SJ293TS cell line is highly stable and can be continuously cultured for up to 4 months with no loss in the ability to produce high-titer LVs. These cells also produced high-titer alternative-envelope pseudotyped LVs such as the BaEV-R-less glycoprotein. Although SJ293TS cells have many advantages, as described above, over adherent, serum-depen-dent HEK293T cells to produce LV, one potential disadvantage would be the requirement for current ongoing development programs to invest time in adopting a new LV manufacturing protocol. However, we believe that the benefits of this new LV production scheme outweigh any potential drawbacks.
A critical consideration for LV for clinical use is the ability to transduce clinically relevant target cells. Our data demonstrate that LVs derived from SJ293TS cells are capable of efficiently transducing both primary human CD34 + cells from granulocyte-colonystimulating factor mobilized peripheral blood of volunteers and healthy donor-derived peripheral T cells. Thus, our data suggest that the SJ293TS-production system represents a significant advancement in the production of LVs because it is stable, eliminates the need for animal-derived reagents, and is amenable to true scale-up manufacturing while increasing vector yields post purification. Future work will be focused on demonstrating this production scheme at the 5-L scale by using a stirred-tank bioreactor.
We have begun to establish a master cell bank derived from SJ293TS for future LV manufacturing at Children's GMP.
MATERIALS AND METHODS
Cell Lines
HEK293T and HOS cells were obtained from the American Type Culture Collection (ATCC CRL-11268 and CLR-1543, respectively) and maintained in DMEM (Corning, Corning, NY, USA) supplemented with 10% FBS (Seradigm, Radnor, PA, USA) and 2 mM L-alanyl-Lglutamine (Corning) (D10) at 37 C with 5% CO 2 . Expi293F cells and Viral Production Cells were purchased and maintained in Expi293 Expression and LV-MAX production media, respectively (Thermo Fisher Scientific, Waltham, MA, USA). SJ293TS cells were maintained in Freestyle 293 Expression media (Thermo Fisher Scientific) and, along with Expi293F cells and Viral Production Cells, were cultured at 37 C with 8% CO 2 and shaking at 125 rpm.
Plasmids
First, the plasmid, pCL20-MSCV-GFP, was retrofitted to RNA-OUT, replacing the 858-bp b-lactamase open reading frame with a 138-bp shRNA expression cassette for sucrose selection, by Nature Technology (Lincoln, NE, USA). 57 The resulting AF selection plasmid is named as pCL20-MSCV-GFP-AF2. The 2,988-bp NheI-SalI fragment from plasmids, pCAG-kGP1-1R, pCAG4-RTR2, and pCAG-VSVG, was removed and replaced with the 2,165-bp NheI-SalI fragment containing the RNA-OUT cassette from pCL20c-MSCV-GFP-AF2 to make pCAG-kGP1-1R-AF, pCAG4-RTR2-AF, and pCAG-VSVG-AF, respectively. The 2,753-bp BsaAI-NheI fragment from both pCAG4-RTR2 and pCAG4-RTR2-AF was replaced with a 720-bp synthetic DNA fragment consisting of the CMV promoter and the HIV-1 rev cDNA to make pCMV-Rev and pCMV-Rev-AF, respectively. The BaEV-R-less glycoprotein was synthesized as described in Girard-Gagnepain et al. 64 and cloned into pCAG4-Ampho by using DraIII and PstI to make pCAG4-BaEV-R-less. For pCAG4-BaEV-R-less-AF, a 2,512-bp HinDIII-SalI fragment in pCAG4-BaEV-R-less was replaced with a 1,693-bp HinDIII-SalI fragment from pCAG4-VSVG-AF. Sequence files for all plasmids used in this study are available upon request.
LV Production
Production of LV from adherent HEK293T cells was performed as described in Throm et al., 42 except that pCAG-kGP1-1R (gagpol) and pCAG-VSVG (VSV-G) were substituted for pCAGG-HIVgpco (codon-optimized gagpol) and pHDM-G (VSV-G), respectively. 56 In brief, HEK293T cells were seeded to achieve $80% confluency at the time of transfection, typically 5 Â 10 6 cells per 10-cm plate. The day of transfection, the media were exchanged. Transfection of cells in 10-cm plates was performed as follows: 12 mg of transfer vector, 6 mg of pCAG-kGP1-1R, 2 mg of pCAG-VSVG, and either 2 mg of pCAG4-RTR2 (rev/tat) or 0.25 mg of pCMV-Rev (rev). When SJ293TS cells were used to produce LV in 20-mL cultures, cells were seeded at 1 Â 10 6 cells/mL. The next day, cells were transfected with the specified LV transfer plasmid and the helper plasmids as follows: 14 mg of transfer vector, 4 mg of pCAG-kGP1-1R, 2 mg of pCAG-VSVG, and either 2 mg pCAG4-RTR2 or 0.25 mg pCMV-Rev. pCAG4-RTR2, which expresses HIV-1 rev and tat, was used to produce LVs as part of our core institutional services and in Figures 1, S2 , and S3, Table 1 , and pCL30-V5m3-Sardinia in Figure 2 , whereas pCMV-Rev was used to produce LVs in all other data presented. Substitution of pCMV-Rev for pCAG4-RTR2 slightly reduced the total amount of plasmid DNA in the transfection of SJ293TS cells from 0.55 mg per 1 Â 10 6 cells to 0.50625 mg per 1 Â 10 6 cells. All transfections were performed using PEIpro (Polyplus Transfection, Strasbourg, France). Transfection reagents were scaled up proportionally depending on the scale of vector production. Before mixing, plasmid DNA was diluted in PBS (Corning) to 40 mg/mL, and PEIpro was diluted to 80 mg/mL in PBS. The transfection mixture was then incubated for approximately 5 min before being added directly to the cell culture. Twenty-four hours post transfection, the media were replaced or, in some instances, transfected SJ293TS cells were diluted with an equal volume of fresh media. At the same time, Benzonase was added to the cell culture to achieve a final concentration of 6.25 U/mL. Vector supernatants were harvested 48 h post transfection and clarified by centrifugation to remove cells, filtration through 0.45-and 0.22mm filters, and either subjected to further purification or stored at À80 C before titration. Production of 1-L LV preparations by adherent HEK293T cells was made using 10-stack Cell Factory systems (Thermo Fisher Scientific). RNA-OUT-containing helper plasmids were always used together, and the plasmid pCAG-VSVG-AF was substituted with pCAG-BaEV-R-less-AF to produce BaEV-Rless pseudotyped LVs. For Expi293F cells and Viral Production Cells, vector was harvested at the optimal 72 h post transfection. were eluted from the column by using 2 M NaCl, 50 mM Tris (pH 8.0). The eluate was diluted 5-fold with PBS and diafiltrated twice in PBS using a Vivaflow 50 with a 100,000 molecular weight cutoff (Sartorius AG, Göttingen, Germany) according to the manufacturer's instructions before a final diafiltration was performed in X-VIVO 10 or X-VIVO 15 media (Lonza) to achieve a final concentration of about 50-fold from the starting material. The vector was then 0.22 mM filtered, aliquoted, and stored at À80 C before being titrated.
HIV-1 p24 ELISA
HIV-1 p24 determination was performed using RETROtek HIV-1 p24 Antigen ELSIA kit (ZeptoMetrix Corporation, Buffalo, NY, USA) according to the manufacturer's instructions.
LV Copy Number Determination and Plasmid Detection
To determine viral titers, we seeded HOS cells at a density of 1 Â 10 5 cells/well of a six-well plate at least 2 h before transduction. Vector aliquots were thawed at room temperature, serially diluted, and added to HOS cells in the presence of Polybrene (5-8 mg/mL; MilliporeSigma, Burlington, MA, USA) in a total volume of 1 mL. The next day, the media were exchanged. For fluorescent-reporter vectors, transduced HOS cells were analyzed 3-4 days post transduction by flow cytometry. For vectors titered by PCR, transduced HOS cells were cultured until day 4 or 7, when genomic DNA was isolated by using the Quick-DNA Miniprep kit (Zymo Research, Irvine, CA, USA). To determine the VCN, genomic DNA was digested with MspI and used as a template in PCR by using a ddPCR instrument (QX200; Bio-Rad, Carlsbad, CA, USA). The following primer-probe sets were used to amplify the HIV psi sequence and the endogenous control gene, RPP30, 5 0 -ACT TGAAAGCGAAAGGGAAAC-3 0 , 5 0 -CACCCATCTCTCTCCTTCT AGCC-3 0 and probe 5 0 -56-FAM-AGCTCTCTC-ZEN-GACGCAG GACTCGGC-3IABkFQ-3 0 and 5 0 -GCGGCTGTCTCCACAAGT-3 0 , 5 0 -GATTTGGACCTGCGAGCG-3 0 and probe 5 0 -5HEX-CTGACC TGA-ZEN-AGGCTCT-3IABkFQ-3 0 , respectively. Vector titers and copy number were determined by calculating the number of copies of HIV psi to every two copies of RPP30, multiplied by the number of cells transduced, and if necessary, multiplied by the dilution factor.
Transfected RNA-OUT plasmids were detected via ddPCR using the following primer-probe set: 5 0 -GACGCTCAGTGGAACGAAA-3 0 , 5 0 -AACAAGATGTGCGAACTCGATA-3 0 , and 5 0 -56-FAM-ACAC GACTC-ZEN-TCTTTACCAATTCTACCACC-3IABkFQ-3 0 .
hCD34 + Cell Transduction and Colony Forming Unit Assay
The St. Jude Human Applications Laboratory or Key Biologics (Memphis, TN, USA) purified CD34 + cells from granulocyte-colony-stimulating factor mobilized peripheral blood of healthy volunteers. CD34 + cells were cultured in X-VIVO 10 (Lonza, Walkersville, MD, USA) with 100 ng/mL of stem cell factor (SCF), Fms-related tyrosine kinase 3 ligand (FLT3-ligand), and thrombopoietin (TPO) (CellGenix, Freiburg, Germany), 50 U/mL of penicillin/streptomycin (Corning), and 2 mM L-alanyl-L-glutamine (Corning). Cells were primed overnight in media at a density of 1 Â 10 6 cells/mL and seeded at a density of 2 Â 10 6 cells/mL at the time of transduction with vector in the presence of 8 mg/mL protamine sulfate (St. Jude Children's Research Hospital pharmacy), 6.25 U/mL of Benzonase (Millipore-Sigma), 1% recombinant human serum albumin (Grifols Biologics, Los Angeles, CA, USA), and 10 mM prostaglandin E2 (Cayman Chemical, Ann Arbor, MI, USA). Twenty-four hours post transduction, cells were seeded in MethoCult H4434 Classic (STEMCELL Technologies, Vancouver, BC, Canada), and colonies were pooled on post transduction day 12 for analysis by ddPCR.
T Cell Transduction
Healthy donor-derived human peripheral blood apheresis cells were purchased from Key Biologics. The cells were labeled with anti-CD4/CD8 microbeads, and CD4 + /CD8 + T cells were purified by using the CliniMACS system (Miltenyi Biotec, Bergisch Gladbach, Germany). CD4 + and CD8 + T cells from peripheral blood mononuclear cells were suspended in X-VIVO 15 media with 5% human AB serum (Valley Biomedicals, Winchester, VA, UA) and 10 ng/mL of recombinant human IL-7 and IL-15 (Miltenyi Biotec) (X-VIVO 15-5% HSA/IL-7/IL-15, hereafter). Then, cells were activated with T Cell TransAct (Miltenyi Biotec) according to the manufacturer's protocol in six-well plates (Thermo Fisher Scientific) at 37 C with 5% CO 2 for 24 h. The activated T cells were washed and suspended in X-VIVO 15-5% HSA/IL-7/IL-15 followed by transduction with four different batches of anti-CD123 chimeric antigen receptor-expressing vectors at a MOI of 25 in a total volume of 1 mL. After 22 h of transduction, the cells were transferred to a G-Rex plate (Wilson Wolf, St. Paul, MN, USA) and incubated in 30 mL of X-VIVO 15-5% HSA/IL-7/ IL-15. CD123-specific chimeric antigen receptor-expressing T cell expression, viability, and expansion were determined 5 days post transduction.
Flow Cytometry
A CytoFlex (Beckman Coulter, Brea, CA, USA) instrument was used to acquire immunofluorescence data. FlowJo v.10 (FlowJo, Ashland, OR, USA) was used for data analysis and graphic representation. Genetically modified anti-CD123 chimeric antigen receptor-expressing T cells were detected by using a recombinant human IL-3RA/ CD123 Fc chimera (Abcam, Cambridge, UK) and phycoerythrin (PE)-conjugated goat anti-human Fc-IgG (immunoglobulin G; Southern Biotech, Birmingham, AL, USA). We used 7-aminoactinomycin D (7-AAD) (TONBO Biosciences, San Diego, CA, USA) to distinguish live cells from dead cells. Cells were collected and washed twice with PBS (Corning) before CD123 Fc Chimera was added. The cells were incubated for 30 min at 4 C in the dark, washed twice, and incubated with PE-conjugated goat anti-human Fc-IgG in PBS with 2% FBS (fluorescence-activated cell sorting [FACS] buffer) for 30 min at 4 C in the dark. The cells were washed twice and then suspended with FACS buffer containing 7-AAD before analysis.
Statistical Analyses
Statistical analysis was performed using R version 3.3.3 (https://www. r-project.org/). A t test or a one-way ANOVA followed by Tukey's post hoc analysis was used for analyses. Significance was defined as a p value <0.05.
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